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The apoptotic protease-activating factor 1 (Apaf-1)
relays the death signal in the mitochondrial pathway
of apoptosis. Apaf-1 oligomerizes on binding of
mitochondrially released cytochrome c into the
heptameric apoptosome complex to ignite the down-
stream cascade of caspases. Here, we present the
3.0 A˚ crystal structure of full-length murine Apaf-1
in the absence of cytochrome c. The structure shows
how the mammalian death switch is kept in its ‘‘off’’
position. By comparing the off state with a recent
cryo-electron microscopy derived model of Apaf-1
in its apoptosomal conformation, we depict the
molecular events that transform Apaf-1 from autoin-
hibited monomer to a building block of the caspase-
activating apoptosome. Moreover, we have solved
the crystal structure of the R265S mutant of full-
length murine Apaf-1 in the absence of cytochrome
c to 3.55 A˚ resolution and we show that proper
function of Apaf-1 relies on R265 in the vicinity of
the bound nucleotide.
INTRODUCTION
Apoptotic protease-activating factor 1 (Apaf-1) is a key player in
the mitochondrial pathway of apoptosis (Zou et al., 1997). The
mitochondrial pathway of apoptosis is an intrinsic suicide pro-
gram by which superfluous, infected, transformed, or damaged
cells can kill themselves (Debatin, 2004; Newmeyer and Fergu-
son-Miller, 2003). The decisive signal in this pathway is the
release of cytochrome c from the mitochondrial intermembrane
space into the cytosol (Green and Reed, 1998). Cytochrome
c binds to Apaf-1, which eventually passes the death signal on
to the initiator caspase-9 (Kumar, 2007; Thornberry and Lazeb-
nik, 1998). In the absence of cytochrome c, Apaf-1 resides in
the cytosol as autoinhibited monomer (Li et al., 1997; Zou
et al., 1999). This ‘‘closed’’ conformation of Apaf-1 represents
the ‘‘off’’ state of the death switch, where Apaf-1 does not bind
or activate procaspase-9 (Ow et al., 2008). It is thought that
binding of cytochrome c induces a gross conformational change
that eventually uncovers the oligomerization interfaces of Apaf-1
and allows the protein to heptamerize into the wheel-like apop-1074 Structure 19, 1074–1083, August 10, 2011 ª2011 Elsevier Ltd Atosome (Riedl and Salvesen, 2007; Li and Yuan, 2008). The
assembled apoptosomal complex represents the ‘‘on’’ state
of the switch. The apoptosome recruits and activates pro-
caspase-9, which in turn activates the downstream executioner
caspases, such as caspase-3 or caspase-7 (Stennicke et al.,
1999).
Apaf-1 is composed of three main domains: the N-terminal
caspase recruitment domain (CARD), the nucleotide-binding
and oligomerization domain (NOD), and the C-terminal WD40-
repeat domain (Riedl and Salvesen, 2007). The CARD is the
binding module for procaspase-9 (Qin et al., 1999), the NOD
hosts a nucleotide binding site and mediates the oligomerization
into the apoptosome (Yu et al., 2005; Yuan et al., 2010), and the
regulatoryWD40-repeat domain serves as cytochrome c binding
site (Yu et al., 2005; Yuan et al., 2010) and is thought to lock the
molecule in its autoinhibited conformation (Hu et al., 1998).
Apaf-1 is a member of the family of nucleotide-binding and
oligomerization domain (NOD) containing proteins, which belong
to the signal transduction ATPases with numerous domains
(STAND) clade of AAA+ ATPases (Danot et al., 2009; Leipe
et al., 2004; Inohara and Nun˜ez, 2003). Apart from Apaf-1,
most mammalian NOD proteins function as signal transducers
in innate immunity (Wilmanski et al., 2008). NOD proteins are
known to oligomerize to execute their function (Bauernfeind
et al., 2011; Schroder and Tschopp, 2010), but to date little is
known about the resulting activator platforms beside the human
Apaf-1 apoptosome (Yuan et al., 2010) and its counterparts
from insects (Yu et al., 2006; Yuan et al., 2011) and worms
(Qi et al., 2010). Although Apaf-1 is up to now the best studied
representative of the NOD family, even here the course of events
that lead to oligomerization and thus signal transduction is
still unclear. Two opposing views emerged, which in particular
attribute different roles to the nucleotide contained in the NOD
for the activation process. One model proposes that monomeric
Apaf-1 initially contains dATP, which is hydrolyzed on binding of
cytochrome c (Kim et al., 2005) to prime Apaf-1 for the ensuing
conformational changes. The second model relies on the obser-
vation that the nucleotide bound to monomeric Apaf-1 is ADP
(Reubold et al., 2009; Bao et al., 2007; Riedl et al., 2005; Zou
et al., 1999) and predicts that the conformational changes of
the protein proceed without a preceding hydrolytic step (Reu-
bold et al., 2009). Common to both models is that the nucleoside
diphosphate in monomeric Apaf-1 has to be exchanged for
nucleoside triphosphate, to permit the opening of Apaf-1. Not
only is the role of the nucleotide obscure, it is moreover stillll rights reserved
Figure 1. Stimulation of Caspase-9 Activity by Murine Apaf-1
(A) Wild-type murine Apaf-1 stimulates caspase-9 activity in the presence of
cytochrome c and ATP. Omission of either cofactor greatly reduces the extent
of the stimulation. Experiments were performed in triplicate. Error bars are
standard deviations (SD).
(B) Mutation of R265 to serine abolishes the ability of Apaf-1 to stimulate
caspase-9. Experiments were performed in triplicate. Error bars are SD.
Wild-type Apaf-1 (first two columns) was used as control.
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Crystal Structure of Full-Length Apaf-1unclear how binding of cytochrome c releases the autoinhibition
of Apaf-1. The latter is mainly due to the limited structural infor-
mation about closed Apaf-1. Although two electron microscopy
(EM) structures of the human apoptosome (Yuan et al., 2010;
Yu et al., 2005) provide a decent, albeit low resolution picture
of the open conformation of Apaf-1, the knowledge about
the off-state of the death switch was hitherto limited to the
X-ray structure of an N-terminal fragment of closed human
Apaf-1, DC-Apaf-1 (Riedl et al., 2005). DC-Apaf-1 lacks residues
587–1248, which contain the regulatory WD40 domains, andStructure 19, 1074–therefore does not show how Apaf-1 is kept in its monomeric
closed conformation.
In order to uncover Apaf-1’s mode of autoinhibition and to
elucidate the mechanism by which the protein opens to adopt
its apoptosomal conformation, we have solved the crystal
structure of full-length murine Apaf-1 liganded with ADP to
a resolution of 3.0 A˚. The structure represents the off state of
the death switch and shows how the regulatory WD40 domains
block domain movement in Apaf-1 until cytochrome c binds.
Moreover, we have identified R265 as a key residue for
functioning of Apaf-1 and have solved the crystal structure of
the R265S mutant of full-length murine Apaf-1 liganded with
ADP to a resolution of 3.55 A˚. Although the mutation leaves the
structure of the overall protein and in particular that of the
nucleotide binding site unchanged, the mutant protein is unable
to form functional apoptosomes. Combining our results with
the knowledge from a cryo-EM derived structure of the human
apoptosome (Yuan et al., 2010), we derive a detailed picture of
how Apaf-1 transmits the death signal in the mitochondrial
pathway of apoptosis.
RESULTS
Using Sf21 insect cells we recombinantly produced full-length
murine Apaf-1 (isoform XL, 1249 amino acid residues), wild-type
protein as well as mutant protein with R265 replaced by serine
(R265S-Apaf-1). The proteins were purified to homogeneity.
Murine Apaf-1 shares 87.3% sequence identity with its human
ortholog (see Figure S1 available online). To biochemically
confirm the expected functional equality to human Apaf-1, we
assayed the stimulation of murine caspase-9 activity in the
presence of murine Apaf-1, cytochrome c, and ATP. Functional
apoptosomes are known to increase the basal activity of
caspase-9 by up to 3 orders of magnitude (Stennicke et al.,
1999; Thornberry and Lazebnik, 1998). As expected, murine
Apaf-1 stimulates caspase-9 activity if exogenous ATP and
cytochrome c are supplied (Figure 1A).
We also assayed the stimulation of murine caspase-9 activity
in the presence of murine R265S-Apaf-1, because we expected
that apoptosomes of the mutant would form without exogenous
ATP (see below). To our surprise, R265S-Apaf-1 shows no
caspase-9 stimulation at all (Figure 1B). Even if cytochrome
c and ATP are supplied, the activity of the caspase remains at
its basal level.
We crystallized full-length murine Apaf-1 in the absence of
exogenous nucleotide and cytochrome c. Using synchrotron
radiation we obtained native data to 3.0 A˚ resolution and gold
derivative data to 4.0 A˚ resolution. We solved the structure using
the phase information from the derivative data in combination
with molecular replacement methods. The final model has
been refined to Rwork and Rfree values of 23.6% and 29.8%,
respectively. It contains amino acids 102–1249, except for two
gaps encompassing residues 788–795 and 1170–1176.
Crystals of R265S-Apaf-1 were obtained under the same
conditions used for wt-Apaf-1. Using synchrotron radiation
a native data set to 3.55 A˚ resolution could be collected.
The structure was solved by molecular replacement with the
refined model of wt-Apaf-1 as search model. The final model
of R265S-Apaf-1 has been refined to Rwork and Rfree values of1083, August 10, 2011 ª2011 Elsevier Ltd All rights reserved 1075
Table 1. Crystallographic Data Collection and Refinement
Statistics
Native
Wild-Type
Derivative
[KAu(CN)2]
Native
R265S-Apaf-1
Data collection
Space group P212121 P212121 P212121
a, b, c (A˚) 72.6, 113.1,
243.6
74.2, 110.9,
245.2
72.9, 111.8,
244,3
Resolution (A˚) 20-3.0
(3.1–3.0)a
20-4.0
(4.1–4.0)
20-3.55
(3.8–3.55)
Rsym (%) 8.5 (40.5) 9.0 (53.3) 8.1 (44.3)
I/sI 14.3 (3.5) 17.3 (4.6) 21.7 (4.5)
Completeness (%) 98.6 (98.3) 99.6 (99.4) 99.5 (99.4)
Redundancy 7.5 (7.6) 7.8 (7.8) 8.1 (8.3)
Refinement
Resolution (A˚) 20–3.0 20–3.55
No. reflections 40,531 24,767
Rwork/ Rfree 23.6/29.8 23.0/30.5
No. atoms
Protein 9015 9010
ADP 27 27
g-Butyrolactone 30 12
Water 118 73
B-factors
Protein 78.6 108.9
Ligand 67.3 86.7
Water 59.8 62.4
Root-mean-square deviations
Bond lengths (A˚) 0.009 0.009
Bond angles () 1.51 1.53
a Values in parentheses are for the highest resolution shell.
Figure 2. Overall Structure of Full-Length Apaf-1
(A) Cartoon representation of full-length Apaf-1, color coded as in (B).
(B) Subdomain structure of Apaf-1. Subdomains are color coded, linkers are
shown in orange.
See also Figures S1–S3.
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Crystal Structure of Full-Length Apaf-123.0% and 30.5%, respectively. Data collection and refinement
statistics are available from Table 1.
Overall Fold of Full-Length Apaf-1
The first 589 of the 1249 amino acid residues of Apaf-1 fold into
the caspase recruitment domain (CARD) and the nucleotide
binding and oligomerization domain (NOD); the remaining
660 amino acids form two b-propellers (WD1 and WD2), which
constitute the regulatory domain (Figure 2). The NOD, which is
subdivided into the nucleotide-binding domain (NBD), the helical
domain 1 (HD1), the winged-helix domain (WHD), and the helical
domain 2 (HD2), shows the same three-dimensional arrange-
ment as observed in the crystal structure of DC-Apaf-1 (Riedl
et al., 2005). The positions of the Ca atoms of residues 107–
586, which form the four subdomains of the NOD, differ from
the equivalent Ca positions in the structure of DC-Apaf-1 by
only 1.1 A˚, if the loop regions 354–360, 428–432, 533–539 are
omitted (Figure S2).
The CARD, on the other hand, which packs against the NBD
and the WHD in the crystal structure of DC-Apaf-1 (Riedl et al.,
2005), is not visible in our final electron density maps of full-
length Apaf-1. To exclude the possibility that the CARD was
proteolytically removed during crystallization, we have verified1076 Structure 19, 1074–1083, August 10, 2011 ª2011 Elsevier Ltd Aits presence in the crystal lattice by MALDI-MS and SDS-
PAGE of washed and resolved crystals of full-length wt-Apaf-1
(Figure S3).
The b-propellers are located on top of the NOD subdomains
HD2 and NBD: WD2 sits above HD2, WD1 contacts HD2 and
the NBD (Figure 2A). Earlier sequence analyses had predicted
a seven-blade and a six-blade b-propeller formed by 13 WD40
repeats in the longest isoform XL of Apaf-1 (Bao and Shi, 2007;
Shi, 2006; Yu et al., 2005; Cain, 2003). In a recent cryo-EM study
of the human apoptosome (Yuan et al., 2010), the authors predict
tandem seven and eight-blade b-propellers within the regulatory
region, which resemble the fold of actin interacting protein 1
(Aip1) (Voegtli et al., 2003). Our crystal structure confirms, that
isoform XL of Apaf-1 indeed contains a seven-blade and anll rights reserved
Figure 3. Cartoon Representation of the Tandem b-Propellers
The polypeptide chain is rainbow colored from blue at the N terminus of the
domains to red at the C terminus. In the middle, the tandem propellers are
shown in the same orientation as in Figure 2A. Above, the molecule is rotated
180 around the vertical axis. Below, themolecule is rotated90 around the
horizontal axis. See also Figure S4.
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Structure 19, 1074–eight-blade b-propeller, but shows that the topology of the
tandem b-propellers in Apaf-1 differs from that of Aip1. The
seven-blade propeller (WD1; Figure S4B) comprises residues
608–910, the eight-blade b-propeller (WD2; Figure S4A), com-
prises residues 593–598 and 921–1249. WD1 shows a canonical
Velcro closure (Smith, 2008) to stabilize the propeller ring. The
first strand of the first WD40 repeat forms the outermost strand
of the last blade of the propeller (Figure 3; Figure S4). The closure
of WD2 on the other hand is unusual, because here part of the
linker sequence betweenHD2 andWD1 completes the last blade
before the linker passes into WD1 (Figure 3; Figures S1 and S4).
In Apaf-1, b strand 7d of WD1 is formed before the peptide chain
forms b strand 1a. In Aip1, folding of the first propeller is started
from the innermost b strand of the first blade. The connection to
the second propeller emerges from b strand 7c in the case of
Apaf-1, but from b strand 7d in the case of Aip1. The connection
between the tandem b-propellers is a double-stranded hinge.
Each of the strands forming the hinge contains a single-turn helix
(Figures 2 and 3).
How the Autoinhibition of Apaf-1 Is Released
To asses the structural changes that enable oligomerization of
Apaf-1, we compared our crystal structure of closed Apaf-1
with the model of an open Apaf-1 molecule from the human
apoptosome (Yuan et al., 2010). The open conformation was
created by superposition of equivalent individual subdomains
of our crystal structure to chain A of the cryo-EM derived model
of the human apoptosome (PDB ID 3IZA). In themain, b-propeller
WD1 as well as the NBD together with HD1 move as rigid bodies
relative to a stiff rod formed by WHD, HD2, and b-propeller WD2
(Figure 3). WD1 swings upward 57 around an axis running
approximately parallel to the principal inertia axis of WD2. The
NBD-HD1 subunit rotates downward 146 around an axis
parallel to helix a24 of the WHD. The rotation of the NBD-HD1
subunit is the molecular key event that renders Apaf-1 compe-
tent for oligomerization, because this movement eventually
exposes the oligomerization interfaces of the NOD (Yuan et al.,
2010; Yuan et al., 2011) and relocates the CARD. In addition to
the major rotational movement, HD1 and helix a8 need to be
shifted by up to 3.5 A˚ and 5A˚, respectively, from their rotated
positions to fully satisfy the 9.5 A˚ EM density (Yuan et al., 2010).
The area between the b-propellers had already been proposed
as binding site for cytochrome c (Yuan et al., 2010; Yu et al.,
2005; Adrain et al., 1999). The charge distribution on the surface
of the closed Apaf-1 molecule (Figure S5) indeed shows
pronounced negatively charged patches at the inner face of
each b-propeller, which seem appropriate as binding areas for
the positively charged cytochrome c. The binding patch of WD1
is the lower half of the propeller, so it is well conceivable that the
propeller swings upward as observed to fully bind cytochrome c.
This rotation of the WD1 propeller disrupts the salt bridge
between Lys192 and Asp616, and thereby the only connection1083, August 10, 2011 ª2011 Elsevier Ltd All rights reserved 1077
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Crystal Structure of Full-Length Apaf-1between WD1 and the NBD-HD1 subunit in closed Apaf-1 (Fig-
ure 5A; Table S1). However, binding of cytochrome c not only
detaches the NBD-HD1 subunit from the regulatory domain
but serves as actuator for the NBD-HD1 rotation. Already at an
early point of the WD1 trajectory, propeller atoms come into
sub-van der Waals distance to atoms of the NBD. WD1 can
only fully rotate if theNBD-HD1 subunit swings out ofWD1’sway.
That the NBD-HD1 subunit is prone to move is reflected in its
interfaces with the rest of the Apaf-1 molecule. Except for the
hub area of the NBD-HD1 rotation, the NBD-HD1 subunit is
separated from the rest of the NOD and WD1, respectively, by
pronounced gaps (Figure 5). Only few, mostly polar interactions
span these gaps (Table S1). The arrangement of the NOD
subunits in closed Apaf-1 resembles a ball-and-socket joint
with the globular winged-helix domain WHD forming the ball
and the rounded cavity at the inner face of the NBD-HD1 subunit
forming the socket (Figure S6A). However, different to a standard
ball-and-socket configuration, the rotation axis is off the center
of the socket.
An integral part of the inner surface of the socket cavity is the
bound nucleotide, which is embedded in a crevice in the inner
face of the NBD-HD1 subunit (Figure S6B). In our structure of
closed Apaf-1, ADP is bound in the nucleotide binding site (Fig-
ure 6). The coordination of the ADP molecule is essentially as
described for DC-Apaf-1 (Riedl et al., 2005). The nucleotide is
bound predominantly by residues from the NBD-HD1 subunit,
only the hydrogen bond between H438 and an oxygen atom of
the b-phosphate of ADP is contributed by theWHD. A noticeable
residue in the nucleotide binding site is R265, which is located on
the tip of a b strand parallel to the b strand preceding the P loop.
The side chain of R265 protrudes into the interface between the
NBD-HD1 subunit and the WHD. Its guanidinium group forms
salt bridges to D244 of the NBD and to D439 of theWHD (Figures
5B and 6A; Table S1). The carboxyl groups of D244 and D439
form a triangle with the carboxyl group of D392. Remarkably,
the oxygen atoms in the triangle are close enough for consider-
able repulsion between the charged groups (Table S2 and
Figure S7).
We have modeled ATP into the nucleotide binding site of
closed Apaf-1 and find, that the g-phosphate group can readily
be accommodated (Figure 6A). At least one of the oxygen atoms
of the g-phosphate group is in good interaction distance
of <3.5 A˚ to the guanidinium group of R265. It is tentative to
assume that the positively charged guanidinium group of R265
neutralizes the repulsive forces between the negatively charged
carboxyl oxygen atoms of the aspartate triangle as long as ADP
is bound to the nucleotide binding site. After exchange of ADP
for ATP the charges of the aspartate triangle are no longer
neutralized because the g-phosphate group of a nucleoside
triphosphate then competes with D244 and D439 for the positive
charge of the guanidinium group of R265. In the absence of
a compensating positive charge the aspartate triangle should
be destabilized and the aspartate side chains should move
further apart. We have therefore solved the crystal structure
of R265S-Apaf-1 and compared it with that of wt-Apaf-1.
Surprisingly, the mutation of R265 to serine does not change
the nucleotide binding site and in particular the arrangement
of the aspartate triangle. Superimposing the structures of
wt-Apaf-1 and R265S-Apaf-1, the root-mean-square deviation1078 Structure 19, 1074–1083, August 10, 2011 ª2011 Elsevier Ltd A(rmsd) of the positions of all main chain atoms is 0.43 A˚.
Comparing only the positions of the side chain atoms of the three
aspartates, the rmsd is 0.42 A˚.
DISCUSSION
Apaf-1 is the key switch in the mitochondrial pathway of
apoptosis. For more than half a decade it has been known—at
least at low resolution—how the molecule looks in its open,
apoptosomal conformation, which relays the death signal by
binding and activating of procaspase-9 (Yuan et al., 2010;
Yu et al., 2005). How Apaf-1 inhibits itself until cytochrome
c binds and how its conformation changes subsequently evaded
elucidation, because hitherto only an N-terminal fragment of
autoinhibited Apaf-1, lacking the regulatory domain, was struc-
turally characterized. Our structure of full-length Apaf-1 now
shows in atomic detail, how the protein is kept in its closed
conformation and provides the reference to entirely describe
the conformational changes that transform Apaf-1 from inactive
monomer to caspase-activating apoptosome (Figures 2A and 3).
In our crystals of full-length Apaf-1, the CARD does not
assume the resting position observed in DC-Apaf-1 (Riedl
et al., 2005). In DC-Apaf-1, the CARD is attached to the WHD
and the NBD predominantly through charged interactions. The
higher ionic strength of our crystallization buffer seems to
weaken these charged interactions, with the result that the
CARD, which is tethered to the NBD via a long flexible linker, is
free to move. The flexibility of the CARD position in our crystals
is presumably the reason for the relatively high Rfree values of
29.8% and 30.5% in our structure refinements of wt-Apaf-1
and R265S-Apaf-1, respectively.
Modeling the CARD in analogy to the crystal structure ofDC-A-
paf-1 into the structure of full-length Apaf-1 shows that the
b-propellers are almost at maximum distance from the CARD in
its resting position (Figure 4). This finding is unexpected, because
it was hitherto thought that the regulatory function of the WD40
b-propellers involves capping of the CARD in autoinhibited
Apaf-1 (Yuan et al., 2010; Riedl et al., 2005; Yu et al., 2005). The
CARD is not held in place by the regulatory domain. However, it
is likely that under physiological conditions the charged interac-
tions between the CARD and the NOD observed in DC-Apaf-1
are sufficient to keep the CARD in its resting position. This
assumption is supported by the observation that CARD-deleted
Apaf-1 tends to aggregate and to precipitate in solution under
conditionswhere full-lengthApaf-1 is stable (unpublished results).
Concerning the ongoing debate about the nature of the nucle-
otide in the inactive Apaf-1 monomer (Yuan et al., 2010; Reubold
et al., 2009; Kim et al., 2005), our crystal structure strongly
contributes to the notion that it is ADP (Reubold et al., 2009;
Bao et al., 2007; Riedl et al., 2005) and not an adenine nucleoside
triphosphate. In the final electron density map of the wt-Apaf-1
structure (Figure 6B), as well as in that of the R265S-Apaf-1
structure, there is no extra density for a g-phosphate.
To open Apaf-1 for apoptosome assembly, the bound ADP
has to be exchanged for ATP (Reubold et al., 2009; Bao et al.,
2007; Kim et al., 2005). However, the role of this nucleotide
exchange for apoptosome assembly and function is still unclear.
Having a close look at the nucleotide binding cavity in the auto-
inhibited form of Apaf-1, the only apparent difference betweenll rights reserved
Figure 4. Conformational Changes Required to
Render Apaf-1 Assembly Competent
Surface representation of (left) closed, autoinhibited Apaf-
1 and (right) open, assembly-competent Apaf-1; the color
code is identical to that in Figure 2. The CARD, which is not
resolved in our structure, is modeled to our structure as
green Ca trace in a position taken from the crystal struc-
ture of DC-Apaf-1 (PDB ID 1Z6T). Yellow rods represent
the rotation axes around which WD1 and the NBD-HD1
subunit rotate when the Apaf-1 molecule opens. Circles
bearing arrowheads designate the directions of the rota-
tion. The open conformation was created by superposition
of equivalent individual subdomains of our crystal struc-
ture to chain A of the cryo-EM derived model of the human
apoptosome (PDB ID 3IZA). See also Figures S5 and S6.
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be a salt bridge between the g-phosphate group and the guani-
dinium group of R265, which is not possible with the more
remote b-phosphate group of ADP (Figure 6A). This salt bridge
between ATP and R265 is likely to be retained throughout the
conformational changes, because it is visible in the CED4 apop-
tosome (Qi et al., 2010) and is modeled in the human apopto-
some (Yuan et al., 2010). Given the unusual arrangement of the
aspartate triangle in salt bridge distance to the guanidinium
group of R265, we suspected that the competition of the g-phos-
phate group with two of the three aspartate side chains for the
positive charge of R265 might be the trigger for opening of the
NOD, once cytochrome c has bound to Apaf-1. If this hypothesis
was true, removal of the guanidinium group of R265 should result
in a mutant protein, which does not depend on ATP for apopto-
some formation and subsequent caspase-9 stimulation. We
have produced the point mutant R265S-Apaf-1 and assayed
its potential for caspase-9 stimulation. We expected the mutant
protein to open readily after cytochrome c binding and to
eventually stimulate caspase 9 activity in ATP free buffers.
Surprisingly, the R265S-Apaf-1 mutant protein did not stimulate
caspase 9 activity at all, neither with nor without exogenous ATP
(Figure 1B). This result indicates that the function of R265 does
not lie in stabilizing the aspartate triangle, even more because
the structure of the nucleotide binding site and the aspartate
triangle are not influenced by the mutation R265S. Rather, the
function of R265 presumably lies in stabilizing the NBD-HD1
subunit throughout the conformational change. R265 is part
of the sensor 1 motif of AAA+ ATPases (Proell et al., 2008;
White and Lauring, 2007; Hanson and Whiteheart, 2005) and it
senses the presence of ATP by forming a salt bridge to the
g-phosphate group. The salt bridge might reinforce the NBD-
HD1 subunit, in which R265 and the ATP molecule are
embedded. Moreover, the interaction between R265 and ATP
might be the lube for the rotation of the NBD-HD1 socket around
the WHD. Changes of the local charge distribution around the
guanidinium group of R265 might ease the rotation, which would
be blocked otherwise.Structure 19, 1074–1083, August 10,Based on our results, we propose amolecular
model that describes how Apaf-1 relays the
death signal in the mitochondrial pathway of
apoptosis (Figure 7). Our crystal structure repre-
sents the fully inhibited state that Apaf-1 adoptsin the absence of cytochrome cwith ADPbound in the nucleotide
binding site (Figure 7, state A). The NBD-HD1 subunit is held in
place through interactions with the b-propeller WD1 and with
theWHD-HD2 subunit of the NOD, respectively. As shown previ-
ously, monomeric Apaf-1 exchanges ADP for ATP and hydro-
lyzes ATP at a low but steady level in the absence of cytochrome
c (Reubold et al., 2009; Bao et al., 2007; Jiang and Wang, 2000;
Zou et al., 1999). The presence of a g-phosphate in the nucleo-
tide binding site leads to the formation of a salt bridge between
R265 and ATP, which is a prerequisite for a later rotation of the
NBD-HD1 subunit (Figure 7, state B). Binding of cytochrome
c between the b-propellers causes propeller WD1 to swing out
of its resting position, thereby releasing the attachment of the
NBD-HD1 subunit to the regulatory domain (Figure 7, state C).
The NBD-HD1 subunit is free to rotate. Rotation of the NBD-
HD1 subunit exposes the contact areas for oligomerization
(Figure 7, state D) and relocates the CARD. Oligomerization of
open Apaf-1 monomers into the apoptosome arranges the flex-
ibly tethered CARDs in the central hub of the apoptosomal wheel
(Yuan et al., 2010; Acehan et al., 2002), where they bind procas-
pase-9 molecules for activation of the death cascade. However,
the predominant route of the process may run via binding first
cytochrome c to ADP-bound Apaf-1 (Figure 7, state B0). Cyto-
chrome c can bind to Apaf-1 in the absence of ATP (Purring-
Koch and McLendon, 2000; Saleh et al., 1999), but we believe
that in this case cytochrome c is not entirely bound by both
b-propellers, because the NBD-HD1 subunit in its resting posi-
tion hinders the full rotation of WD1. The electrostatic pull
between cytochrome c and WD1 then completes the rotation
of WD1 as soon as ATP releases the NBD-HD1 subunit.
Apaf-1 apparently opens from its autoinhibited conformation
by mere rotation of its movable parts. These rotations occur
without substantial structural reorganization within the sub-
domains, contradicting the earlier postulate for a single turnover
of dATP hydrolysis to prime Apaf-1 for its conformational
changes (Kim et al., 2005). The mechanism we propose here
requires no chemical energy from nucleotide hydrolysis at any
stage of the opening process, which is in line with earlier results2011 ª2011 Elsevier Ltd All rights reserved 1079
Figure 5. The Interfaces of the NBD-HD1 Subunit in Autoinhibited Apaf-1
(A) Interface between the NBD-HD1 subunit and the b-propeller WD1. On the left: cartoon representation of Apaf-1 in the same orientation and color code as in
Figure 2. Right: magnified view of the polar interactions in the interface.
(B) Interface between the NBD-HD1 subunit and the rest of the NOD. Right: cartoon representation of Apaf-1 showing the location of the aspartate triangle and the
bound ADPmolecule. The view is after a 50 rotation around the vertical axis relative to the view in (A). Left: magnified view of the polar interactions in the interface.
See also Table S1.
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Crystal Structure of Full-Length Apaf-1(Reubold et al., 2009). The pull on the WD1 propeller exerted by
cytochrome c binding presumably suffices to open ATP-bound
Apaf-1.
The X-ray structure of full-length Apaf-1 reveals the underlying
molecular mechanism by which Apaf-1 maintains itself in the
inactive state. Detailed knowledge of the off state of the death1080 Structure 19, 1074–1083, August 10, 2011 ª2011 Elsevier Ltd Aswitch allows the deduction of the molecular mechanism that
switches Apaf-1 on for oligomerization and transduction of the
death signal. Our results provide deeper insight into how the
activation proceeds in Apaf-1 and lay the groundwork for under-
standing how members of the NOD family open to assemble
their respective signaling platform.ll rights reserved
Figure 6. Nucleotide Binding Site of Apaf-1
(A) Stereo view of the nucleotide binding site of Apaf-1. The position of the g-phosphate of amodeled ATPmolecule is transparently adumbrated. Side chains and
the ADP molecule are drawn as stick model, salt bridges are shown as gray dotted lines, and repulsive interactions are sketched as red dotted lines. Nitrogen
atoms are shown in blue, oxygen atoms in red, and phosphate atoms in orange; carbon atoms of the protein are shown in gray, carbon atoms of the bound ADP
are shown in cyan.
(B) Electron density around atoms in the nucleotide binding site of Apaf-1 (stereo representation). The gray mesh represents the 2Fobs-Fcalc electron density
contoured at 1s.
See also Figure S7 and Table S2.
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Cloning and Protein Purification
The coding sequence of full-length Apaf-1-XL (1-1249) from Mus musculus
(obtained from ImaGenes, Berlin, Germany) was amplified by PCR and in-
serted via NcoI/SalI restriction sites into a pFastbac-HTa (Invitrogen) baculo-
virus transfer vector. The mutation R265S was inserted into the wild-type
sequence by site-directed mutagenesis. Production of recombinant baculovi-
ruses, protein expression, and protein purification were performed as
described for human Apaf-1 (Reubold et al., 2009).
Caspase Activity Assay
The activity assay was essentially performed as described for human Apaf-1
(Reubold et al., 2009). In brief, reactionmixtures containing 0.2 mMmurine cas-
pase-9 in a final volume of 100 ml were added with 0.4 mMmurine Apaf-1, 2 mM
horse heart cytochrome c, and 0.1 mM ATP as indicated. After incubation at
room temperature for 10 min Ac-LEHD-AFC was added to a final concentra-
tion of 200 mM and caspase-9 activity was fluorometrically measured as the
release of 7-amino-4-trifluoromethyl-coumarin (AFC) using a Cary EclipseStructure 19, 1074–Fluorescence spectrophotometer at an excitation wavelength of 400 nm and
an emission wavelength of 505 nm.
Crystallization and Heavy Atom Derivatization
Crystals were obtained by vapor diffusion in hanging drop geometry at 4C by
mixing equal volumes (1 ml + 1 ml) of protein solution (15 mg/ml) with reservoir
solution containing 100 mM HEPES (pH 7.0), 1.4–1.5 M sodium malonate,
and 4% v/v g-butyrolactone. Crystals appeared after 2–3 days and grew to
a final size of 150 3 150 3 600 mm within 3 weeks. For cryoprotection,
crystals were briefly soaked in mother liquor containing 17% v/v glycerol and
flash-frozen in liquid nitrogen. Native crystals were derivatized by slow, step-
wise addition of 20 ml 2 mM KAu(CN)2 in reservoir solution to 20 ml of reservoir
solution containing the crystals with a total soaking time of 24 hr. Derivatized
crystals were cryoprotected by short immersion in mother liquor containing
17% v/v glycerol and 1 mM KAu(CN)2 and flash-frozen in liquid nitrogen.
Structure Determination
A native data set was recorded to 3.0 A˚ at beamline ID14-4 at ESRF (Grenoble,
France) using a wavelength of 0.97950 A˚ at a temperature of 100 K. Two data1083, August 10, 2011 ª2011 Elsevier Ltd All rights reserved 1081
Figure 7. Course of Molecular Events that Open Apaf-1 for
Oligomerization
(A) Autoinhibited Apaf-1 liganded with ADP. NBD-HD1 subunit: blue and
turquoise rectangles; WHD-HD2 subunit: red and magenta rectangles; CARD:
green rectangle; WD1 and WD2: light and dark gray circles.
(B) Binding of ATP frees the NBD-HD1 subunit for rotation, symbolized by
a gap between the NBD-HD1 subunit and the WHD-HD2 subunit.
(C) Binding of cytochrome c to the b-propellers of ATP-bound Apaf-1 causes
upward rotation of b-propeller WD1. The rotation detaches WD1 from the
NBD-HD1 subunit, symbolized by a gap between the WD1 and the NBD-HD1
subunit. The NBD-HD1 subunit is free to rotate.
(D) Open Apaf-1. The NBD-HD1 subunit is rotated downward, the oligomeri-
zation interfaces of the NOD are exposed; the CARD (green rectangle), which
is flexibly tethered to the NBD-HD1 subunit, is relocated by the rotation.
Oligomerization of open Apaf-1 yields the apoptosome.
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1082 Structure 19, 1074–1083, August 10, 2011 ª2011 Elsevier Ltd Asets of gold derivatized crystals were recorded to 4.0 A˚ at beamline X10SA at
the Swiss Light Source (Villigen, Switzerland) at a temperature of 100 K using
a wavelength of 1.03857 A˚. Data were processed with XDS (Kabsch, 2010;
Kabsch, 1993) and scaled with XSCALE (Kabsch, 2010; Kabsch, 1993). The
data of the two derivative crystals were merged (Table 1). The crystals
belonged to space group P212121 and contained one molecule per asym-
metric unit, corresponding to a solvent content of 65.1%.
A homology model of the NOD of murine Apaf-1 was generated using
residues 105–586 of the crystal structure of WD40-deleted human Apaf-1
(chain A of PDB entry 1Z6T) as a template. This homology model could be
placed using Phaser (McCoy et al., 2007). A polyalanine model of a seven-
bladed b-propeller (chain C of PDB entry 1VYH) could be placed in a second
search with the NOD fixed. Attempts to place a six-bladed b-propeller were
without success.
SHELXD (Sheldrick, 2010; Schneider and Sheldrick, 2002) was used to
locate two gold sites by SAD using themerged derivative data. These two sites
together with the two domains placed byMRwere used as input for the exper-
imental phasing mode of Phaser to search for additional gold sites. The result-
ing electron density clearly showed a second b-propeller whose diameter
seemed too large for the predicted six blades. A polyalanine model of an
eight-bladed b-propeller (chain B of PDB entry 1NEX) was placed into the
density by hand. Model correction and further building was carried out with
COOT (Emsley and Cowtan, 2004) followed by simulated annealing and indi-
vidual B-factor refinement using CNS (Brunger, 2007; Bru¨nger et al., 1998).
Figures were generated with PyMOL (DeLano, 2002).
ACCESSION NUMBERS
The atomic coordinates and the structure factors of murine full-length wild-
type Apaf-1 and R265S-Apaf-1 have been deposited in the Protein Data
Bank with accession codes 3SFZ and 3SHF, respectively.
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